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INTRODUCTION 


The  rapid  dissolution  of  Li  in  alkaline  aqueous  solutions  can  be  utilized 
electrochemically  to  produce  very  high  rate  batteries.  In  the  Li-H^i)  system, 
the  rate-limiting  process  is  the  oxidation  of  lithium  rather  than  the  reduc- 

A  critical  examination  of  the  corrosion  proces- 


n 


tion  of  I^O  at  the  cathode. 

ses  has  revealed  that  the  H  'e.r.  at  the  Li  surface  is  rate  determining,  not 

2  (1)  • 

the  Li  dissolution  reaction  .  Thus,  unlike  conventional  battery  systems, 

cl 

in  Li-H^O  cells  the  current  efficiency  is  governed  by  the  ratio  of  two  com¬ 
peting  reactions,  namely,  the  anodic  dissolution  reaction  and  the  parasitic 

(2) 

self-corrosion  raction  .  The  current  efficiency  increases  as  the  electrode 
is  polarized  from  its  OCV,  and  it  decreases  at  elevated  temperatures  where  the 
corrosion  reaction  is  stimulated.  One  of  the  most  important  features  of  the 
system  is  the  fact  that  the  maximum  current  (or  limiting  current)  obtained 
during  anodic  polarization  never  exceeds  the  OCV  corrosion  rate.  This  unusual 
behavior  and  the  impact  of  elevated  temperature  on  the  faradaic  efficiency 
of  the  cell  are  examined  in  this  paper 
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EXPERIMENTAL 

Details  of  the  electrochemical  cell  and  support  equipment  have  been  given 

(1)  2 
previously  .  In  summary,  the  test  cell  housed  a  circular  11.4-cm  dia. 

anode  support  to  which  was  bonded  the  lithium  test  specimen'.  The  cathode 

comprised  a  wire  screen  spotwelded  to  a  ribbed  iron  back  plate.  A  needle 

point  penetrometer  was  mounted  on  the  cathode  compartment  such  that  on 

activation  the  platinum-plated  steel  needle  could  pass  through  the  matrix 

and  penetrate  the  anode  surface.  The  penetrometer  was  instrumented  with 

an  impedance  meter  and  linear  motion  transducer  ^ .  Accuracy  of  the  probe 

-3 

position  was  within  110  cm. 


Electrolyte  flow  through  the  cathode  matrix  and  across  the  anode  face  was 
provided  by  a  micropump  and  was  monitored  with  a  rotameterC  Electrolyte  - 
temperature  was  controlled  to  ±0.1 ®C  by  passing  it  from  a  reservoir  to  a 
constant  temperature  heat  exchanger,  and  into  the  cell. 

Real  time  hydrogen  rate  measurements  were  obtained  using  a  wet  test  meter 
which  was  modified  with  an  optical  encoder  connected  to  a  digital/analog  - 
converter.  .  — 


Lithium  hydroxide  solutions  were  prepared  using  reagent  grade  chemical  and 
deionized  water. 


The  experimental  conditions  for  the  sequence  of  tests  reported  here  were: 


LiOH  concentration  : 

Electrolyte  flow  rate  > 

Anode-cathode  -contact 
pressure  t 

Electrolyte  temperature t 


4.5  M 
30  can/s 

6.2  x  104  Pa 

18,  25,  35,  45, 
55  *C 


Polarizations  were  performed  potentiostatically,  using  a  custom  designed 
0  -  10  A,  0  -  10  V  instrument.  Response  time  was  60  nsec  (from  no  load) , 
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input  impedance  was  1.5  x  10  ft,  and  voltage  stability  was  ±2.5%. 

„* 

Anode  potentials  were  monitored  with  a  cadmium  (cadmium  hydroxide) 
reference  electrode  (Es  *  -  0.809  V  vs  NHE) ». 
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RESULTS 

The  influence  of  temperature  on  the  anodic  polarization  of  Li  in  4.5  M  LiOH 

4 

at  a  constant  anode-cathode  contact  pressure*  P  *  6.2  x  10  Pa  and  electrolyte 
flow  velocity*  u  *  30  cm/s  is  shown  in  Fig.  1.  The  polarization  curves  possess 
two  distinct  regions*  typified  by  the  curve  at  55°C.  The  initial  portion  of 
the  curve  depicted  as  a-c  is  linear.  It  represents  IR  drop  across  an  essen¬ 
tially  invariant  protective  oxide  film  layer.  The  highly  polarized  curved 
portion  c-l  has  a  configuration  which  is  often  characteristic  of  a  limiting 
current.  Over  the  entire  span*  a-c-Jt*  it  is  assumed  that  the  anodic  film 
formation  rate  is  balanced  by  the  film  dissolution  rate  because*  as  has  pre¬ 
viously  been  observed ,  the  film  thickness  is  independent  of  the  extent  of 
polarization.  Under  the  experimental  conditions  specified*  it  was  noted 
that  increasing  temperature  decreased  the  film's  resistance  and  the  maximum 
current  depicted  as  1^  increased  markedly  with  increasing  temperature. 

From  the  slopes  of  the  resistive  polarization  sections  of  the  curves  of  Fig.  1* 

a  plot  of  film  resistance  vs  temperature  may  be  obtained  as  shown  in  Fig.  2. 

Temperature  dependence  of  the  limiting  current  density,  i^*  derived  from 

Fig.  1,  and  of  the  measured  corrosion  rate  at  OCV,  i _  *  are  displayed  in 

cor 

Fig.  3.  icor  increases  significantly  at  elevated  temperatures  (i.e.*  >  35*C) 
while  i  maintains  a  linear  relationship  with  temperature  over  the  range  of 

Mr 

this  study. 

Fig.  4  shows  that  the  relationship  between  anode  film  thickness  and  tempera¬ 
ture  is  nonlinear*  The  decrease  of  film  thickness  x  with  increasing  tesgmra- 

o 

ture  may  be  associated  with  the  fact  that  the  solubility  of  LiOH*  which  com¬ 
prises  the  major  portion  of  the  oxide  film*  increases  with  increasing  tempera¬ 
ture  ^ .  Sines  the  film  thickness  does  not  change  with  polarisation^*  it 
seams  reasonable  to  assume  that  .the  solubility  of  LiOH  at  various  temperatures 

4 

LOCKHEED  PALO  ALTO  RESEARCH  LABORATORY 
•  aittini  •  »»•««  «•■*»•».  m  * 


I,"~C-D633746 


"F-'it.  /  /j^ozvc.  PoUWZATt'OfX  ©/=-  ^  /aJ  ~ 

At  MtftouS  -r*AtfB*#ra*c  i.  *~r  ^  **“> 

Aiio  \y  a  uo  ;.  !  i  i  1 


LMSC-D633  7 46 


ptOr.  Z.  /AtpLjjFtkLE  ojz  &cec,rAo£.yyG  TtMP&A&nJ^e. 

AHOP&  tfe*t£72V4C€  /*/  LcOH  AT \  T3-® 

T+-  AHD  V  =  £**%,< ’<  , 


0  N$ 


LMSC-D633746 


P‘*r  3  /rtPLUGhlC£  »f  £L£CT*[c>t-YTL  7ZMJD£XAT*A[c  ,  «aJ,  ; 
~7?f£  £&*?KofUf*\  rtATC  A-f  OC.\f  f  <C  car)  AN&  yAtis^xC.  L/Af/77*i&\ 

ettoy&rtr  J¥M6*-rY  of  JLi  t*4  S'Af  LC  &  f(  at'  f*  ~ 

AHT>  l)  z  3o  Cmy/it. 


~7***f>  Cc.} 


7 


fitM  T«t<K>lc££ 


LMSC-D633746 


F'4  J4..  Jr^ruieNCC  Of  CLrc.T^^LYrf  TerAfftrAcAyu^fe  osl 

Anru>t  F-tiM  -nocKHcss  t*  -4-.S  M  LjlOH  Ar  P  =• 

.4*tP  1>  =  3d 


iO  J-O  £  O  *4-0  -/o  (aO 


~Th*p6*&ru4&  ?  eC 


I 


Ln:-C-D63i74C. 


plays  the  predominant  role  in  determining  the  film  thickness. 

Information  on  the  conductivity  of  the  electrolyte  as  a  function  of  tempera¬ 
ture  is  required  for  analysis  of  the  experimental  data.  This  data  is 
presented  in  Fig.  5. 
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•  DISCUSSION 

_  I '  a 

In  strongly  alkaline  solution,  the  dissolution  of  Li,  even  when  under 
anodic  polarization,  consists  of  two  competing  processes  —  an  electron- 
producing  electrochemical  reaction  as  described  by  Eq.  [1] 

Li  +  oh"  i  LiOH  +  e"  HI 

and  a  direct  corrosion  (parasitic)  reaction  as  depicted  by  Eq.  [2] 

Li  +  H20  t  LiOH  +  1/2  H2  12) 

Strictly  speaking,  the  overall  corrosion  reaction  (2)  is  a  coupling  of 
[1]  with  the  cathodic  reduction  of  H20  at  adjacent  sites  on  the  anode  sur¬ 
face.  The  nature  of  the  local  cell  reactions  has  been  reported  previously 


Since  the  competing  reactions  [1  £  2)  can  occur  at  any  polarization  level 
at  anode  sites,  it  is  not  reasonable  to  assume  that  temperature  has  iden¬ 
tical  impact  on  each.  Indeed,  Fig.  3  clearly  illustrates  the  difference. 

On  one  hand,  at  OCV  where  there  is  no  external  electron  producing  reaction, 

the  corrosion  rate  i  follows  an  Arrhenius  exponential  dependence.  On 

cor 

the  other  hand,  when  the  corrosion  reaction  is  suppressed  to  a  negligible 
amount  by  polarizing  the  electrode,  the  rate  of  the  electron-producing  pro¬ 
cess,  i.»  increases  linearly  with  increasing  temperature.  Taking  a  typical 
polarization  curve,  such  as  that  at  55*C  in  Fig.  1,  icor  *•£  represent 
the  rates  of  Li  dissolution  at  points  a  and  £  respectively.  During  normal 
operation  of  the  Li-H20  cell,  the  Li  anode  is  polarized  to  a  level  between 
a-£  and  the  current  efficiency  of  the  anodic  reaction  is  always  somewhat  less 
than  100%.  In  an  earlier  paper,  a  rate  equation  for  the  general  case  of 
parasitic  hydrogen  evolution  reaction  at  a  polarized  electrode  was  derived  ^ 


[31 


where  Ec  is  the  OCV  of  the  Li  at  a  given  tenperature;  a,  the  transfer  coef¬ 
ficient  of  H2  e.r.  on  the  Li  surface  «  0.14  ^ ,  and  the  other  terms  have 
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their  usual  meaning.  The  current  efficiency  for  the  polarized  Li  anode  is 
defined  as 


e  {%) 


i  +  i. 


[4] 


where  i  represents  the  rate  of  anodic  reaction.  Using  Eq.  [3]  and  the  data 
of  Table  I,  and  Pig.  1  ,  c (%)  at  different  temperatures  have  been  calculated 
and  are  shown  in  Fig.  6  .  Fig. 6  also  includes  experimental  results  obtained 
from  the  H rate  measurements.  Although  the  two  curves  are  not  exactly 
identical,  the  similarity  in  their  shapes  seems  to  support  the  validity 
of  the  model  which  holds  that  the  H 2  e.r.  is  the  rate-determining  step  in 
the  corrosion  reactions  of  Li.  It  is  also  seen  from  this  figure  that  with 
sufficient  polarization,  near,  to  100%  current  efficiency  is  obtained.  To 

r 

illustrate  the  temperature  dependence  of  .e (%)  at  various  polarization  levels. 
Fig.  7  has  been  constructed.  At  elevated  temperatures,  i.e.,  T  £55"C,  c (%) 
is  generally  degraded  due  to  the  very  high  parasitic  reaction  rate.  Thus, 
in  order  to  operate  the  Li-H20  system  efficiently  at  elevated  temperatures , 
a  trade-off  has  to  be  taken  in  the  form  of  additional  polarization  of  the 
anode  to  achieve  acceptable  faradaic  efficiency.  - -  -  -  - - 


Over  the  span  of  the  active  polarization  region  (curve  a-c-i  in  Fig.l  ), 
steady-state  conditions  are  observed.  It  is  conceivable  that  in  this  region 
a  quasi-equilibrium  state  exists  between  active  and  inactive  sites.  A  simpli¬ 
fied  model  of  the  system  indicates  that  the  fraction  of  active  sites,  1  -  0  , 

o 

may  be  related  to  the  film  thickness  (x  ) ,  the  average  conductivity  (k) , 

o 

film  resistance  (R) ,  and  the  projected  surface  area  (A)  by  the  equation  ^ 


1  _  ®0  “  kAR 


[5] 


where  is  the  surface  coverage  by  the  oxide  film.  Coupling  this  equation 

and  data  of  Table  I,  enables  calculation  of  (1  -  6  )  at  various  temperatures. 

o 

The  results  are  listed  in  the  last  column  of  Table  I.  The  decreasing  trend 
of  (1  -  0Q)  with  increasing  temperature  is  an  intriguing  observation. 
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because  earlier  investigation  on  the  influence  of  LiOH  concentration  on  the 

fraction  of  the  active  sites  revealed  .that  (1  -  0q)  decreases  markedly  with 

increase  in  N  LiOH,  e.g. ,  at  25*C,'.(1  -  0  )  ranged  from  0.34  at  2.96  N  to 

o 

0.05  at  4.84  M.  Under  steady-state  conditions,  the  solubility  of  LiOH 

governs  the  dynamic  balance  between  oxide  film  formation  and  dissolution. 

It  seems  reasonable  to  assume,  that  the  rapid  increase  in  the  dissolution  rate 

of  Li  (see  Fig. 3)  and  its  subsequent  crystallization  as  LiOH  on  the  electrode 

surface  at  elevated  temperatures  far  exceeds  the  rate  of  increase  of  solubility 

of  the  salt  as  the  temperature  increases  ^ .  This  then  results  in  a  higher 

rate  of  film  formation  than  dissolution.  A  parallel  effect  of  this  imbalance 

of  rates  is  an  increase  in  surface  coverage  at  higher  temperature,  and  this 

is  reflected  in  decrease  in  (1  -  0  ) .  The  implication  of  these  observations 

o 

is  the  realization  that  the  Li-H^O  system  is  inherently  stable  even  at  ele¬ 
vated  temperatures  provided  sufficient  polarization  is  imposed  on  the  anode. 
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CONCLUSIONS 


This  study  has  shed  further  light  on  the  observation  that  polarization  of 
the  H2  evolution  reaction  at  the  Li  surface  is  the  rate-limiting  process 
rather. than  the  anodic  dissolution  reaction.  The  rate  equation  which  has  not 
previously  been  tested  for  the  e.r.  at  an  anodically  polarized 
Li  surface  serves  successfully  to  predict  the  current  efficiency  at  various 
temperatures .  The  investigation  has  also  shown  that,  despite  the  fact 
that  Li  reacts  rapidly  with  H^O  at  elevated  temperatures,  the  e.r.  can 
be  sufficiently  inhibited  under  anodic  polarization  to  permit  good  current 
efficiency  to  be  obtained.  The  decreasing  area  of  surface  active  sites 
with  increasing  tempe r ature s  reaffirms  the  stability  of  the  Li-H20  system 
in  aqueous  alkaline  electrolytes. 
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